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NATIOHAL ADVISORY COMMITTEE FOR.AEROWAUTICS

TECHNICAL MEMORANDUM NO. 923

MEASUREHENT OF THE AIR-FLOW VELOCITY IN THE OYLINDER
OF AN AIRPLANE ENGINE*

By Hermann Wenge?

The investigation of the air flow in the cylinders
of reciprocating engines plays a very important part in-
the design of internal combustion engines. The design of
the combustion chamber and arrangement of the intake and
exhaust valves have an effect on the turbulence of the
air-fuel mixture. Air flows were first investigated by
introducing filamcents and observing the motion through
glass cylinders. The magnitude of the air velocities in
externally driven Diescl engines have beoen measured Dby
Hintz (reference 1) and Geiger (refercnce 2), wvho deter-
mined the rotational component of the rotatihg air mass
about the vertical cylinder axis. Hintz found the local
-velocity to fluctuate during the cycle between 0O and 55
meters per second for an engine speed of 200 revolutions
per minute. Geiger, in his measurements carried out on
a running Diesel engine but mostly without fuel injection,
found velocities of from O to about 25 metcrs per sccond.
The velocity was found to increasc with increasing enginc
spced. Geiger found furthermore that the air velocity at
the instant of ignition has a decided effect on the qual-
ity of the combustion. J. Ulsamer (refercnce 3) similar-
ly measured the air velocitics in his tests on an air
compressor. For this purposc he made use of a hot-wire
anomometer,which apparatus will also be employed in the
present tests. Threc speeds were investigatcd: namely,
63, 128, and 172 revolutions per minute, He found veloc-
ities up to 12 meters per second, which occurred during
the intake stroke. The mean veclocity was likewise found
to incrcase with increasing cngine spced.

The object of the present investigotion is to deter-
mine the velocity in the BMW-VI cylinder of an externally
driven singlec-cylinder test engine at high engine speeds
using the hot-wire method of Ulsamecr, ‘

*Messung der Str¥mungsgeschwindigkeit im Zylinder eines
fremdangetriebencen BMW-VI Flugmotors. Luftfahrtforschung,
vol. 16, no. 2, Feb. 20, 1939, pp. 62-73
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I. THE TEST SET-UP-

a) Mcthod of Measurement with the Hot Wire

A thin metal wire was employed for measuring the air
velocity in the cylinder. The method is based on the fact
“that the cooling of an electrically heated wire by the air
increases with increasing velocity of the latter. To each
air velocity there will corregpond a definite wire temper-
aturec. Since the dimensions of the wire can, withia certain
limits, be kept very small, the mecasurements will be prac-
tically free from inertia lag. With different arrangement
and length of the wire mean values may also be determined
for various mecasuring cross sections.

1. Principles of Velocity Measurement with the Hot Wire

In tests carried out at the heat engine laboratory at
the Munich Technical High School, J.Ulsamer mecasurcd the
air-flow velocities in the cylinder of an air compressor.
The general principles of his method will be described
briefly herc.

“An electrically heated motal wire is situated in an
air stream. In the condition of cquilibrium, the clectri-
cal encrgy supplied to the wire must be equal to that
troansferred to the air from the surface of the wire. Any
periodical variation in the air stream must naturally be
followed by o variation in the heat transferred from the
wire surface to the air and hence also in the elsctrical
energy supplied to the wire, provided that the wire dimen-
sions are sufficiently small for it to follow the periodic
changes with practically no inertia lag. Denoting the heat
energy in heat units supplied to the wire in unit time by
U and the heat yielded in the same time interval to the
air streem by Q, then in the cquilibrium state the fol-
lowing equation must be satisfied:

U= Q (1)
The supplied emncrgy U is given by
U = 0.86 i% r (2)

where 1 is the current in amperces through the measuring
wire

and ry, the resistance in ohms,.
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Now the resistance of the wire depends on. 1ts temperature,
~according to the . following relatlon.hu'

. - o TR .

where T, 1is the absolute temperature. Equation (2)
therefore becomes .

U= 0.86 W(i%, T,) (4)

The wire 1s heated by the supplied energy, U, The vari-
able velocity results in a change in the wire temperature
and hence in the wire resistance. The latter is measured
by comparison with a precision resistance and the current
by means of an osclllograph loop.

The heat transmitted to the air stream (reference 4),
neglecting small flow velocities, is given by the follow~-
ing equation:

o d Td pp W (5)

L

|
Am L Mmoo
In ordcr to cvalunte the above relation, there is re-
quired o knowlcdge of the temperaturc of the surrounding
air. The latter is olso mcasured with the hot wire, which
is now cmployed as & resistance thormometor.
In equation (5):

il is the diamcter of the wire (m);

&y the mecan hcat-transfer cocfficient for the cntire
wire surface (kcal/m® h ©C.);

me» the heat conductivity of the medium (kcal/mh ©C.);
Npy the viscosity coefficicent of the medium (kgs/mz);
Pms the density of the medium (kgs?/m4);

Wy the velocity of the medium at somce distance from
the wire surfacec (m/s).

If T, 1is the absolute temperature of the wire sur-—
face and Ty the absolutec temperature of the surrounding
medium at some distance from the wire, the mecan values in
equation (5) arec defined as follows:
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where Y, (kg/m®) is the spccific weight of the mcdium
at temperature T4,

Ty - To
S A (9)
n
1o =
n ——
To
and g (m/s®) is the accecleration of gravity.

The function f mnmust be determined cxperimentally.
There are o number of tests available on the heat trans-
fer of thin wirges. On the basis of the results of these
tests, the function £ is found to Do:

a d Fa on w % .
5= =nm L Om ¥ J = m(Re)™ (10)

m T

The values of tho coefficient m and the exponents
n are given according to J. Ulsamer in the table below:

Re n m
For 0.1 <Re < 4 0.305 0.875
4 < Re < 50 .41 .  .764

50 < Re to 1,000 .5 . 537
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2. The Effect of the Bunidity and the Direction of

the Air Flow on the Heat Transfer from Thin Wires —--

It was shown by J. Ulsamer (reference 3) that the
effect of the air humidity on the heat transfer from thin
wires may be neglected, the error that arises from the
neglect amounting to about +£2 percent, which lies within
the limits of accuracy reqguired of the function f.

In setting up the function f, the case was as-
sumed where the wire is situated at right angles to the
flow direction., It was found by J. Ulsamer (reference 3)
that the heat transfer is lowecred considerably with rec-
duction in the angle «. For a ratio of the length. to
diameter of the wire equal to 400, the heat transfer with
the wire parallecl to the flow direction is three-~fourths
of thec value for the wire at right angles. The transversc
position is thus characterized by the naximum power ab-
sorption. In the present investigation, a still more fav-
orablc length to diameter ratio cqual to 1,300 was em-
ployed.

3. Objeccts of the Mcasurements
According to Mewton's law, the heat transmitted to
the air strcam 1is given by

Q=aF (T, - To)(keal/n) | (11)
where F=md 1 (m®) and

A

m n
Y = —— m R
04 dme

Transforming equation (11) by mecans of equations (5), (8),
(7), and (8), there is obtainecd

Q =@(TW’ TO’ PO’ W) (12>

e have furthermore equation (4):
U= 0.86V(i?, 1T,) (4)
For a condition of equilibrium, the elcctrical energy

supplied U in each time interval must be equal to that
conducted away Q:
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0.86 u(ieg TW‘) = Q{va’ To, Po, W) (lS)

From the above cquation the velocity w of the air
stream may be computed by determining the following mag-
nitudes: '

1 i, the currcnt in ampercs through the hot wire;

2. T the absolute temperaturec of the hot wire;

w?
3. Tys the absolute tcmporﬁtur of the surrounding
air in the cylinder;

4, P the air prossurc in the cylinder (kg/m®2).

Q9
' The above rclations hold accurate for the cooling of

a2 hot wirec in a stcady air stream. They may also bec ap-
plicd to o periodically varying air flow becausc the thick-
ncss of tho boundary layer at the wirc is very smoll,

b) The Elecirical Mcasuring Circuit

The measuring wiroe is used both as a resistancce ther-
momcter and as o not wire. As a thermometcr, it scrves
for the mecasurcnent of the air temperaturce and as a hot
wire, for the detcrmination of the velocity. For the lat-
ter purpose, the resis tanco of the thin wire must be ro-
linbly determined by the cleetrical mcasuring circuit., In
applying the wire as resistance thermometer, thoe wirc nust
be very lizghtly loaded in order not to increcasc the valuc
of thc resistance by the Joule heating of the wirce and thus
neasurce too high a temperaturc. For nceasuring the air tem~
peraturc in the cyllnder, the wire is connected in the cur-
rent circuit I (fig. 1). The wire in scrics with o scnsi-
tive oscillogrnaph loop (Sicmens and Halske, type V) is put
neross o voltage divider. The magnitude of the rcquired
voltage may readily bo determined from the following rcla-
tion:

cf—

i = (rloop + Tyipe) (nnx Iloop) (14)
where  Tigoep is thec resistance c¢f the loop;
Tuiro? the snollest velue of the resistance of the

wvire;

MoK Iloop’ tho largcst permissible currcent in the loop.
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The resistance itself is detcermined by comparison-with a

’prccision.resistanca,pf”thq firm, Hartmann & Braun.

When used as a hot wire for measuriang the velocity,
it is connected to circuit II (fig. 1). Here the wire is
put ia serics with an oscillograph loop and a precision
ammeter and connected to a battery of 4 volts. In ordcer
to kcep the voltage of the battery of circuit II as con-—
stant as possible, the storage battery is provided with
a resistonce during the entire test period. Herec again
the resistance is dectermined by comporison with a preci-
sion resistance and the current with the aid of the pre-
clsion ommcter.

The oscillogram is obtaincd in the following manner,
First, the resistance box is connected to the circuit I.
By inserting the proper values of the resistance, lines of
constant resistance, and therafore lines of constant tem-
perature are obtained on the recording paper. The resist-
ance box 1s then disconnccted and the wirc element switched
in. The resistance of the wire varies.with thec temperaturc
of the surrounding air in the eylinder according to the
relation

r o= p(Ty) (3)

Additional hcat is received by the wire by the meas-
uring currcent. Also, investigetion was made to determine
how high the mcasuring currcnt may be before the change
in heat resistance is practically zero. This was found
to be the case for a current of 10 3A. The currcant uscd
was half this value; that is, a maximum of 5 mA.

In obtaining the hot-wirec curves, the wire must be
strongly lcaded, sincc it must reccive a higher tempera-
turce than that of the surrounding air. in the ceylinder.

For this purposc, it was connceted to circuit II. Through
the changes in the air velocity in the cylinder, the ratec

of cooling of the wire varies. This results in a change

in the wire tcmperature or its resistance and also the

power absorbed. The calibration is the same as with cir-
cuit I. There arc again obtoincd calibration lines of
constont resistance and also of constant current, the cur-
rent through the resistance being mcasured with the pre-
cision ammetcr. The voltage can therefore also be obtained,
being given by Ohm's law:

E=1ir (V) (15)
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The power supplicd to the wire is given by
U = 0.86 i? r(kcal/h) (2)

The voltage on the wire changes within certain limits
as o result of the voltage drop in the instrument and lcad
resistances. Witk the wirec placed transversc to the air
flow, the cooling of the wirec is strongest, the resistance
thus the lowest and the curreant the strongest. The volt-
age drop will therefore alsc be the maxinum. If carc is
taken, however, to sec that the latter is small comparcd
to-the wire voltage, as may be donc by keeping the in-
strument oand lecad resistances small, then %the hecat con-
ductcd to the air stream, which heat 1s equal to the
electrical energy supplicd, is a naximum wvhen the current
through the wire is o maxinun. The tronsverse air-flow
casoc is thus characterized not ounly by the maximum currcant
in the wire, but also by the maximunm power absorption of
the lotter. .  If the ratio of the wire resistonce to the
instruncat and conducting lcad resistnaces were ccual to
about 1 or less, then the power need not incrcase with
inecrcasing currcnt but will ecvean decrcasc. In the prese—
ent case, the most unfavoradble ratio was 2bout 8.

Pigure 2 shows the oscillogr.m curves for the wire
used as thornonetor and hot wire. For the tenmperature
curves about 10 eycles were photographed above once another.
For thc hot-wire curves, 1t is necessary, ian order to ob-
tain the naxinun speeds for cach piston position, to ro-
tate the wire at right angles to the air flow. If the

flow curves arc thorcefore obtained for different positions
of the hot wire in tiic cylinder, the cnvalone of the fan-
ily of curves at cach position gives the maximum veloci-
ties ags a function of the ecrank ongle. The hot-wirc curves
arce also taken for nince spindle settings (from 209 to 200°)
for about 10 ciycles. This gives altogether about 90 crecles.
The ecurves for any definite spindle setting do not cover
egach ovher but gilve a scattered band which practically co-
incides with the bands of the other cizht s»nindle settings.
The dircction of the velocity vector duriang the individual
cycles connot be detorninced on account of the strong scat-
taring of the curves at a dofianite spindle sctting.

¢) The Measuring Ianstrument .

1. Coustruction of the Measuring Iastrument

[

[N
4]

i3

The wire clement cmployed for thc measurcments
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. ~006
shown in figure 3. A thin tungsten filament of 15 B die-
ameter is stretched betwecen the fork-shaped bent supports
of 1 mm constantan wire which at the same ‘time serve as
current leads. - The supporting wires must be made nuch
stronger in order to withstand the increased mechanical
strosses ot the high-speed engine. It is not possidble
furthermore, to connect potential leads of the same thin
tungsten wire since the thin wires could not be soldered
hard or electrically weldcd. he wire was attached to the
supports in the following manner. fine slit was first
notcihed in the 1 mm constantan wires and then filled with
silver solder. The wire below this slit was then hcated
until the solder attained the melting point. At this in-
stant, the hair wire was iniroduced into the slit and the
flamec removed. The wire was then clamped by the con-—
tracting silver solder. This method of attachment was
found to be very good. It was first tricd with soldering
tin. On account of thec continuous tensile stressing of
the wire by the stroung air current, however, the wire was
gradually drawn out from the soft tin.

The insulated svpporting wires werc led through the
spindle ¢ and cenented into the forward part of the
latter,. The remaining portion of the instrument was the
sanc as employed by J. Ulsamcr. Only for attachment to
the cylinder the slceve a was diffcreantly designede.
Figure 3 shows the entire measuring instrument. The wire
element d 1s situated within the cylinder. At e, the
supporting wires arc fastened to the spindle c. The supe
porting wire 1s then led through the spindle outward to
the clamps n. With the aid of the screw i, the spindle
can be disploced axially in the sleeve b. The graduation
on 1 gives 2 measurc of the displacencnt and the zero
position can be determined by a mark on theo ring k. The
sleeve b is situated in another sleeve a in which by
loosening the cap screw f it may be rotated. The set-
ting is read off on the graduations on the disk g The
pointer h marks the zero position which corresponds to
a fixed position of the wire to the vertical. The rotat-
ing motion of sleeve b is positively transmitted by the
screw 1 to the spindle c¢. The measuring wire in this
manner rcceives two degrecs of frecdom: it may be rotated

~about the instrument axis and be displaced in the direc-—

tion of the latter. The sleeve & is then attached in
another sleeve A (fig. 7), which is screwed into the
cylinder by means of the flange.
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2. Simplifications Introduccd in thc Desigan of the Instrument
On account of the finite thickness of the wire, the
measurcments will not be entirely inertia-frce and the ftem=-

perature of the wire surface will be differcat from the
temperature of the wire axis. Purthermore, the wire tem-
peraturce will not be able catircly to follow the air tem-
peraturcs in the cylinder. In what follows, it will be °
shown with the aid of the work by H. Pfrien (rcferecnce 5)
how grecot an error in the most unfavorable casc is to be
expected from mcasurcments with a tungsten wire of 15 p di-
amcter.

For the ratio of the amplitudes of the harmonically
varying air tempoerature to the wire tempcraturec, H. Pfriem
obtains the following rclation:

9 2 2
-0 =v/(1 + 0o) " + (w Zo) ’ (18)
o
where <, is the amplitude of the gas tomperature (°C.);
t5, the omplitude of the wire temperature at the

surface (°C.);

W, the cyclic fregquency of the temperature fluc-
tuation (1/n);

Gy the heat fraction radiated;
z the time lag of the wirce (h)

given by

= _% "0 9o (17)

From the above equation it may be scen that the lag
becones smaoller when the heat transfer cocefficient Qg

Z0
becormecs larger. For the casc under consideration
r, (wire diameter) = 7.5 X 107° m,

0.034 kcal/kg °C.,

cg (specific heat)

Y_ (spccific weight) = 19,200 kg/m3,

9]

A, = 138 kcal/m h °C.,

ag (the heat-traznsfer cocfficient).
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In his investigations, H. Pfriem employed wires of
0.1 mm diameter and found for the smallest heat-transfer
coefficient 'a value of-about- 800 - kcal/m® h® C, and a maxi-
mum value of about 5,000 kcal/m® h® C. For a wire of di-
ameter of 0.15 mm, using the relation

a1 r-rl N1 .
—_= L——-J (n = 0.5) (most unfavorable valuc) (18)
Qo ra

there are obtained hcat-transfoer coefficients of about
2,000 and 12,500 kcal/m? h ©C., respectively. The value

of zo 1is then 2o = 1.224 X 108 h (ag = 2,000 kecal/m2h °C),.

Figure 4 shows the ratio of the anmplitudes d5/to,
neglecting 0 as a function of the engine speed with the
heat transfer coefficient oy as parameter. The middle
curve shows the error that occurs at ag = 4,000. For
this case, there is obtained at a speed =n = 2,000 rpm a
maxinmum error of about 2.7 percent.

For the phase displacement ¢ of the amplitudes of
the wire temverature with respect to that of the harmoni-
cally varyling gas temperature, there is obtained the fol-
lowing expression:

€= arc tan (19)
1+ o,
On neglecting the radiation (o, = 0), there is then
obtaincd
tan € =W z (20)

o]

The values of ¢ arc plotted in figure 5 against
the engine speed with the heat-transfer coefficient a4
as parameter

In our measurenments, the following phaose displacencnts
and corresponding heat-transfer coefficients were deter-
mined:

n o

(rpm) (kcal/m® h °C.) e®
500 2,000 5

1,000 2,800 8

1,500 3,600 11

1,800 3,900 , 12
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The values of o given in the above table are the
lowest that occur in the complete cycle. On drawing a
horizontal in figure 5 through the. point =n.= 1,800 and
ag = 4,000, it may be seen, when the line is transferrecd
on figure 4, that the error can never exceed the value
of 2.3 percent, since the values 'in the above table all
lie below this line. The error must therefore be corre-
spondingly smaller and may be directly taken from the fig-
ure.

It will now be shown that the temperature of the wire
axis follows the temperature of the surface with an error
of less than 1 percent. This will be true if

W rge
—— 1 1
T %g (21)
For our case, there 1s obtained for the above expression
the value 0.000025<<1. The entire wire therefore heats
up practically simultaneously.

It is further necessory to compute the error due to
the heat conduction at the points of attachment of the
wire. For this purpose, H. Pfriem in his paper also set
up a relation:

fo - tanh(v 1,) | _jwT '
ty = 1/10\/P ty dx = t5 ;1 - - S J e (22)

. o v oty
0

For the values of 1, V2 oo/re N =23, the value of
tanh (v 10) equals 1 with an error of less than one-half
percent, and we thus obtain

r T,
tpg = to Ll S S S (23)

v 1,

where 1 (m) is half the wire length and

"Z/E‘%L/l f (w2 (1/m) (24)

0] 0

In figure 6, the expression (1 = 1/v 1,) is plotted
as a function of the rotational speed with the heat trans-
fer coefficient oy as a parameter. The error is here
practically independent of the speed and in the most favor-
able case amounts to about 3 percent.
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In deriving the above relation, the temperature of
the point of attachment was taken as the origin of the
temperature scale. Actdally, however, the-temperature
of the supports lics much higher. It was further assumed
that the material of the supports was the same as that
of the measuring wire. In our case, however, constantan
was employecd, a material which has a very small heat-con~
duction coefficient. The valucs of (1 - 1/v 1,) oplotted
in figurc 6 are therefore under all conditions the most
unfavorable. Actually the values are far morce favorable,
so that at a value of ay = 4,000, the moximum error may
be coasidered to be about 2 percent. Adding the error
due to the incrtia of the measuring wire, on crror read-
ing of at most 5 percent may be expocted.

7hile the temperatures are rcecorded too small by
this amount, the power determined from thoc curves is too
large. The power supplied is determined by cauation (2):

U = 0.86 i® r(kcal/h) (2)

This is mostly tronsferred to the surrounding air flow.

A small portion is conductcd away from the thin measuring
wire to the constanten supports. The maganitude of this
heat guantity is given by

Qn = Ao 2 F (285)
A x
where

At o .
N (°C/m) is the temperature drop along the wire

X

at the points of attachment;
F (m®) the cross section of the measuring wire;

Ao (kcal/m h ©C.) the heat conductivity of the
measuring wire.

Assuming that the error through this hcat conduction
over the points of attachment is to amount to at most 1
percent of the cnergy supplied, then from equations (2)
and (25) the nccessary required tcmperature drop may be
determined:

]
At Q 0.0l x0.86 i® r (26)
2 F

o}

X ko 2 F A
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The maximum power. supplied to the wire in our tests
is 0.8 keal/h. There is thus obtained & temperature gra-
dient of : . C

2% _ 515,000° ¢/m = 515° G/mm

™

The maximum occuring difference in temperature 1is
about 300°, The temperature drop along the wire is as-
sumed to be as shown in diagram B. The correct tempera-
ture is then obtained, taking into account the error of

1

5 percent, as 320 X 55 336° C. The temperature dif=-
.95

fercnce is then 316° and the temperature drop %—i = 316°
, bd

C./mm.

It may be seen that the crror of the power measure-
ment is below 1 percent.

In evaluating the mcasurcmonts, the errors discusscd
in this scction werc not taken into account, since the
ecrror in the ecnd recsult (the magnitude of the air velocity)
in the most uanfavorable case is no greater than the sum of
the individual errors which amounts to about 7 percent.
This is all the more Jjustified becausc the magnitude of the
air velocity for several cycles at o definite point of the
cylinder fluctuatces by o multiple of 7 percent. )

II. THE TESTS

1. The Test Set-Up

A single-cylinder DVL test set-up, which cnables the
investigation of various types of cylinder construction,
was cemployed. A BMW-VI cylinder with a diamcter of 160 nm
(6.3 in.) and a stroke of 190 mm (7.5 in.) was investigated.
The tcst cngine was cexternally driven by an electric motor
‘whose speed could be varied between 400 2nd 1900 revolutions
per minute. The compression ratio could be varied by the
raising or lowering of the cylinder support through a wornm
gear in the crank casc. The mcasurements were carried out
in the compression chamber of the cylinder. Figurc 7 shows
the cylinder with the mounting of the measuring-instrument
apparatus.



N.A.C.A. Technical Mcmorandum Fo. 923 15

A Universal oscillograph of Siemens & Halske was em-—
ployecd for taking the temperature and hot-wire curves.,
‘The sprécket was dircctly-coupled-to the king shaft of
the test cngine. For this purpose the spur whecl on the
drive shoft of the sprocket had to be removed from the
gear of the oscillograph. This had the advantage that
the observation arrangement could be employed independently
of the photographing arrangement. It was furthermore pos-
sible to vary the exposure of the shutter. Yormally the
shutter opens with the "instant exposure setting" for a
revolution of the sprocket. Now, however, it was possible
to adjust the rotational speed of the electric motor of
the oscillograph and hence the exposure time so that the
shutter would be open for any number of working cycles of
the test éngine. The curves on the screcen could now be
better observed since they did not appcar so strongly
drawn out.

For indicating,a DVL glow-lamp indicator was cmploycd.
(reference 6). In order to utilize fully the paper width
of 9 centimetcers for o pressure range of O to 9 atmosphercs,
the lever arm at the deflecting mirror was increascd. The
rotational spced was moasured by mcans of the DVIL countoer
stopping cvery two minutes. Sincc the countoer was coupled
to the control shaft, the speed of the crenk shaft woas ob-
taincd,

2. Czlibration of the Measuring Wire

Before soldering in the wire, the resistance of the
lcads mcasured from tho double-throw switch was detcermined.
and found to be 0.85 ohm. After attaching the wire, tho
variation of its rosistance with temperature was detcrmined
with o0il thermostats. For this purpose, the length of the
picce of wirc was measurcd under a microscopc with scven-
fold magnification. The wire was then aged sufficiently
so that the resistance remained constant at the same tem-—
peraturc. The resistance in the oil thermostat was then
determined in the temperature range from 200 to 300° ¢,

The depcndence of the resistance on the temperatuc was
found to be linear:

r = ro{l + 0.00354 t) (27)

This value of the temperaturc cocfficient could be employed,
in case one wire were broken, for the next mcasuring wire
if obtained from theo cme stock as the other. It was only
necessary to detcerminc cach time the resistance per unit



16 N.A.C.A. Technical Memorandun.No. 923

length at room temperature., This value varied for wvarious
wirec pieces within narrow limits, even. if taken from the
same stock. The resistance per meter of the thin tungsten
wire of O.1l5~-millimeter diamcter at room temperature was
about 430 ohms. The length of the measuring wirec fluctuat-
ed between 19 and 21 millimeters.

From thc above data, the resistance of a definite
length of the wire could be plotted against the temperature.

3. The Carrying-0ut of the Tests

The tests were conducted for the following engine
speeds: =n = 500, 1,000, 1,500, and 1,800 rcvolutions per
minute. The carburctor setting G was varied each tinme,
the sctting being 25, 50, and 75. At G = 75, the throttle
of the carburetor was completely opened. The cross scction
was about 15 cm®. The scttings G = 50 and 25, correspond-
cd to cross scctions of 10 and 5 cm®. At thc carburetor
sctting 0 (closed carburetor, idling enginc) no measurc—
monts could be taken because the wire always broke after

& very shoxrt time. The Jjacket-water temperature tp = 139 C,
and the compression ratio € = 4.8:1 werec in these tests
held constant. In the mcasurcments with n = 1,800 rpn,

¢ = 25, 50, and 75, € = 4.8, the jackect-water temperature
was increascd to t) = 75° C. In the further mcasurements

n =1,800 rpn, G = 25, 50, and 75, t; = 13° C., the com-
pression ratio was incrcased to € = 5.8,

The measuring positions in .the cylinder are shown in
figurc 7, these being, for the compression ratio € = 4.8,
at 20, 40, 60, 80, 100, and 120 millimecters from the wall
and for €= 5.8 at 40, 60,80, 100, and 120 millinecters
from the cylinder wall.

There were first obtainzsd the calibration curves for
the air temperature in the cylindor. This was donc by con-
necting the precision resistence box of Hartmann & Braun.
By inscrting proper values of the resistance, 1in our case
from 8 to 17 ohms, which corrcspond, according to the rec-
lation r = ©(T), to definite temperaturcs, it was possi-
ble to drow lines of constant tcemperaturc. The nmcasuring
wire was now conncctced in. The latter follows the temper-—
ature changes of the surrounding ailr and thus varies its
resistance. As a result, therc is a change in the curreant
which flows through 1it. The current is photographed with
the aid of an oscillograph loop. In order to obtain a
meon value over scveral cycles,more than ten cycles were
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photographed. These curves in general cover each other
well., Only at high engine speeds does small scattering
occur which, however, extends only over the expansion
stroke and shows up in a slight widening of the photo-
graph line. In recording the air temperature curves, it
is not necessary that the wire be at right angles to the
air flowe On rotating. the measuring wire, practically no
difference was found in the photograph.

In recording the hot-wire (velocity) curves, however,
it is necessary to rotate the wire because the relation
according to which the velocity is evaluated holds only
for the position of the wirc transverse to the air stream.
For this reason, the measuring wirec was rotatcd from 20°
to 20° about its transversc axis, giving ninc positions
in the cylinder. For cach position curvos were obtailaecd
for over 10 cycles. Since, as previously mentioned, the
transverse air flow is characterized by maximum power ab-
sorption, it is necessary to usc the envelope for the
evaluation. After recording thesc hot-wire curves, lines
of constant rcsistance {or temperature) are again obtained
with the aid of the resistance box. Simultancously, the
current flowing through the resistance ig measured, belng
required Tor thce determination of the clectrical cnergy
supplicd.

By the foregoing mveasurcments, therc arc therefore
determincds:

T the abesolute tcecmperature of the surrounding air;
0 &

Tys the wire tempecrature;

d, (kcal/m h) the cleetrical cnergy supplicd to the

measuring wirc per unit length per hour.

The last magnitude still to be determined, namcly: the

pressure in the eylindor, is obtained from the indicator
diagram of the DVL glow-lamp indicator.

The mcasurements were carricd out at the points indi-
cated in figure 7. In figure 8, the air velocity, at a

speed of n = 500 rpm carburetor setting, G = 75, com-
pression ratio € = 4.8 and jacket-water temperature
ty = 13.5% C, igs plotted as a function of the crank angle

for the mecasuring positions 1 to 8. For measuring position

4, six curves were recorded; position 2, four curves; and
positions 1, 3, 5, and 6, ong curve each. The scattering
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of the curves at each position is so great that a band is
obtained for each measuring position,which band practical-
1y coincides with the scattering bands of the other posi-
tions., It 1s thus not possible to make out any dependence
of the air velocity on the distance of the measuring posi-
tion from the cylinder wall.

In the succeeding measurements, no separate evalua-
tion was therefore made for the various positions, a pro-
cedure which would be very time~consuming. Two photo-
graphs were taken for cach of the six positions in the cyl-
inder. Prom the twelve diagrams thus obtained, the wvalues
of Tyo, Ty, i, and r were measured and the mean values
found which were then employed as a basis for the determi-
nation of thec air velocities., The mean valucs of the air
velocities thus obtained agrece, to within the slide rule
accuracy, with the mecan values which were obtained for a
separatc evaluation for cach measuring position.

4. Analysis of the Test Results

The magnitudes measured in the preceding scction wore
used in cvoluating the test results. According to equation
(2)y, q = 0.86 i® r 1is the heat in kcal supplicd per hour
per unit length by the wire to the surrounding air. With
the aid of cquation (11), the wvaluc of ¥ u is found to he

N u = E_E = i 1 (28)
A ™ Ap 64

With the aid of the gas equation and cquation (8)

Re= G pp W _ d P u
N g R N Tm
or
Re da P
_— = —————— =¥ (29)
w g R np Ty

Furthermorc, according to equation (10)

N u = n(Ra)®
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The final cquation for the determination of the ve-
docity is thercfore obtained as

- i/n
w :.];l.li.&“ (50)
J

To compute the valucs of Nu and Re/w from equations
(28) and (29), therc are still required the mcoan heat—-trans-
fer cocfficient and the wviscosity of the air. These mecan
valucs are defined in cquations (6) and (7). The heat-trans-
fer coefficient, according %o NHusselt, is
Vi 7
» - 0.00167 (1 + 0.000194 T)./T (keal/m 1O G.)

1+ 117

M

The viscosity of the nir, according to Sutherland {recfecr-
cnce 7):

+ 117/273
1+ 117/7 273

n = 1.69 x 106 :

(kgs/n®)

For Dboth magnitudes, W. Husselt gave the integrals between
0 2ad T from T = 100 +to 2,2000 X.

III. TEST RESULTS

1. Haximum Air Velocity as a Function of the Crank Angle

The test results are all plotted in figures 9-14.
Figure 92 shows the maximum air velocity plottcd against
the crank anglec for the speed n = 500 rpm, with the
carburctor scettings 25, 50, and 75, comproession ratio € =
4.8 and jacket-water tcmperature t, = 11° C. Figurc 10
shows the same curves for n = 1,000 rpm; figure 11 for
n = 1,500 rpm; and figure 12 for n = 1,800 rpm. In fig-
ure 13, the maximum air velocity is plotted against the

crank angle for =n = 1,800 rpm, € = 4.8; ty, = 75 and the
carburctor scttings 25, 50, and 75. Figure 14 shows the
same curves for =n = 1,800 rpm, € = 5.8, t, = 13° C. and

carvburctor scttings, 25, 50, and 75.

The maximum velocilties occur during the suction period
O
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as is also to be expected. With decreasing carburetor
sctting, the maximum of the curves shifts toward the bot-
tom decad center (1800 crank angle). The samec phenomenon
oceurs with dincrecasing cangine specd. At the higher spcods
and small carburctor settings, the velocitics during the
exhaust period attain the same values as during the suc-
tion period.

Similar moasurements were made by J. Geiger (refor-
cence 2) on & 4-strokc-cyclec Diesel cngince at the spceds
n = 250 and 3022 rpm. He made use of the dynamic-pressure
method already applied by Hintz (reference 1) and Sass
(reference 8). With this measuring procedure, only the
rotational component of the swirl about the cylinder axis
can be determined. Geiger investigated principally the
effect on the swirl of a shrouded intake valve. Measure-
ments of the air velocities werercarricd out also without
the shroud. Plotting the velocities found by Geiger against
the crank angle, therc is found in general a similar vari-
ation of the air velcecities as obtained in our prescnt in-
vestigation.

2. The Mcan Air Velccities for the Scparate Strokes and
for the Complete Cycle as Functions of the Eagine Speed

For a more accurate determination of the dependcnce
of the velocity on the cengine spoeod, avoerage values were
formcd for the separate strokes and for the complete cycle.
These arc defined as the heights of the rectangles whose
areas arc the same as those under the veloclity curves with
the samc basc length. These values are colleccted in table
I and are plotted in figures 20-22 as functions of the
engine sveed for the carburetor settings 25, 50, and 75,

The mean air velocity increases with the engine speed
or with the mean piston velocity. The increase remains
in general always below the increase in the mean piston
speed. The maximum velocities always occur during the in-
take stroke.
3. The Mean Air Velocities for tiie Separate Strokes and
for the Complete Cycle as Functions of the Throttle Set-

ting for Constant Engine Speed

In figurecs 15-19, the mean air velocity for the various
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strokes and the complete cycle is plotted against the
throttle setting.at constant engine speed. The compres~
sion ratio € = 4.8 and the Jjacket water tenperature”

ty = 13° C. were held constant.. In the same figures are
also plotted the air velocities for an engine speed of
1,800 revolutions per minute, varying first the jacket-
water temporature ¢, from 139 C.to 75° C.and then the
compression ratio € from 4.8 to 5.8. On increasing

the jackoet- water teumperature, the velocltlcs arc decreasecd
by from 10 to 15 percent. The incrcasc in the compression
ratio leads in gencral to an increcase in the veclocities

by about 10 percent. This is duwe to the grecater suction
during the intake stroke. During the othoer strokes, the
velocitics are also incrocased as a result of the grcatcr
kinetic cnergy of the air masscs entering the cylinder.
Gencrally the increasc or dcecrcasc in the mean velocitics
remeins within narrow limits.

4, The Test Besults of J. Ulsamer.

&)

Jd. Ulsamer (rcfﬁr01c“ %) has measurcd the flow ve-
locitics in the cylinder of a slow-runniag air compressor.
at specds of 63, 128, uﬂd 172 revolutions poer minute. Fig-
urcs <% and 24 show the air velocity plotted against the
crank aungle. The velocity curves have the same gencral
charactecr os found in the presont work. J. Ulsamer also
finds the alr veloeocity attnining its maximum valuce during
the intake stroke, nnd dcecrcasing during the renaining
strokes of the cyclce. In order to bring out more cleorly
the c¢ffect of the engine speed on the gas velocity, J.
Ulsamer formed the moan valucs of the air velocities for
the separate strokes as well as for the complecte cyclec.
These are plotted in figures 25 and 26. The mecan air ve-
locitics increase with the enginc spced and are approxi
mately cqual to from five to seven times the mean piston
velocity. Taking the corresponding values for thc meos-
uring positions 7.5 and 70 millimcters from the cylinder

all from figurcs 24 and 25, forming the mean values over
the intoke and compression strokes and plotting in figurc
21 the values obtained by Ulsamcr appear as continuations

of our curves for the intake and compression sitrokes.
Ulsamer, however, finds the velocity incrcasing at a great-
er rate than linear with the engine speed, whereas we find
the contrary to be the case. The mean values for the en-
tire cycle cannot be included since too high values are
obtained. This is due to the different mode of operation
of the two engines. In the case of the compressor employed
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by J. Ulsamer, there is one intake stroke for cach revo-
lution, whereas . -in our case, therc was onc intake stroke
for cach two revolutions. Since, howevcr, the maximum
valucs of the velocity ocecur during the intake stroke,
the mcan valuc over two strokes must be grcater than over
four strokes. The mcan values over the complete cycle
are not thercforc comparabdblc. :

IV. SUMHMARY

The air velocity in the cylinder of a water-cooled
BMW-VI airplane cnginc was measured by mcans of a hot-wire
ancmomcter. With this apparatus, mcasurcments arc possibvle
also where there is a rapldly verying air velocity and air
temperaturc. The mcan velocity of the air over the wire
length for various positions of the wirce clement in the
cylinder was mcasurcd, utilizing an oscillograph loop con-
ncected to & potential source. The ceffect of the cngine
speced, the throttle setting, the Jjacket water temperature,
and the comprcssion roatio on the air velocity in an cox-
ternally driven BMW-VI cyliander was investigated. The
variation of the air velocity ovoer the cyele in all photo=-
graphs showsthe same charactcr. The motion atta 1ned its
maximum velocity duriang the iantake stroke, decreascd dur-
ing thec compression stroke and increcased again aurlng the
cxpansion and oxhaust strokes. The effect of the cngine
speced and the throttle sctting was brought out by plotting
the mean air wvelocitics over tho scenaratce strokes and over
the complete cycle.

Pranslation by S. Reiss,
National Advisory Committec
for Aeronautics.



e8]
.

N.A.C.A,y Technical Mcmorandum Noes 923 23
REFEREBEWCES

Hintz, H.: Mittel und Wege zur Beecinflussung der Ver-
brennuvng beim Strahlgzgerstidubungsverfahren. Z. VDI,
(1925), p. 673.

Geiger, J.:¢ Messung der Luftbewegung im Zylindorinnorn
von Diesclmaschinen. Mitt. Forsch. Anst. GHE XKonzern
(1936), no. 9, p. 213.

Ulsamcr, J: Dic Mecssung der Strémungsgeschwindigkeiten

im Zylinder cincs Luftkompressors. Diss. Tecchn.
Hochschule, Minchen, 1932.

Musseclt, W.: Das Grundgesetz des Widrmclibergangs. Go~
sundheits~Ingenieur (1915), p. 477.

Pfriem, H.: 2Zur Mcssung verdaderlicher Teomperaturen
von Gasen und Flissiglkeitcn. Forschung, March-April,
1936, p. 85.

Brozdt, R., and Viehmann, E.: Der DVL-Glimmlompen-
Indikator fur schnellaufende Motoren. Avtomobil-~
technische Zeitschrift. vol. 36, no. 12, Junc 25,
1633, pp. 309-311,

Sutherland, W.: The Viscosity of Goscs and Molecular
Force. Phil. Mag. (5), vol. 36 (1893), p. 507.

Snss, Fo: Kompressorlose Dieselmaschinen. J. Springer.
(Berlin) 1929, p. 8L1.



F.A.C.A. Technical Mcmorandum No. 923
TABLE I
n 500 500 500 }1,000]1,000}1,000
€ 4,8:114,.8:1(4.8:1{4.8:1{4.8:1:14.8:1
Ty 11,5411.0 | 11.013.5! 13.5 ;11,0
G 25 50 75 25 50 75
W W W W W Wy
Intake 16,97(14.27|11.42(19.19{20.83[22.89
Compression [14.71} 8.75| 6.50116.42:14,.44|15.61
Expansion 8.3l 6.46] 5.63|13.94110.62113.66
Exhaust 9.27! 7.20| 6.31114.61(10,02110.49
Cycle 12.751 9.501 7.83116.27114.35]15,90
n 1,50041,50041,500!1,800{1,800(1,800
€ 4.8:114.8:1]4.8:1|4.8:114.8:1[4.8:1
b1 13.5 |1 12.5 1 12.0114,01! 14.0 { 14.0
G 25 50 75 25 50 75
Wi W W W Wy Wy
Intake 21.36(25.80(30.13|23.26!/29,.,23{31.87
Compression [19.76(18.50{19.,13{17.77{20.84|22.29
Expansion 17.82]15.80|16.52117.82;18.28{19.02
Ixhaust 21,60(116,12]11.53{21.81119.6715.44
Cycle 20.560]19,.52119,70{20.80{22.65[22.47
n 1,800]1,80041,800(1,800]/1,800}(1,800
€ 4,8:1{4.8:1j4.8:1!/5.8:115.8:1{5.8:1
by 75,0 | 75,0 | 75.0 | 13.5 | 13,5 {13.5
G 25 50 75 25 50 75
Wi W Vo Wi W W
Intake 21.78126.06]26.22126.,06|29.76129.44
Compression (17.32|17.05/19.31/21.11{19.31}18.05
Expansion 17.62]16.15{16.80{24.46)16.98|19.75
Exhaust 18.99/15.39/12.99(24.42{20.92!18.00
Cycle 19.25:19.20119,02124.33!22,70{21.93
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Figure 23,24.- Varisticn of the air velocity in the cylinder of a
slow running air compressor with crenk angle for

63128 and 172 r.p.m.
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Figure 25,26,~ Mean values of the air velocities over the separate
strokes and over the complete cycle.
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